Two isomers of the [Co(tren)(D-Glc1A1,2H −2 -κ 2 O 1,2 )] + (1) chelate are formed in equal parts in the reaction of [Co(tren)Cl 2 ]Cl and sodium gluconate. In contrast, the gluconate's 2-amino-2-deoxy derivative glucosaminate formed a single isomer of [Co(tren)
Introduction
D-Gluconate (Scheme 1) is a widely used chelator for di-and trivalent metal centres. Despite this fact, our knowledge of the structural principles of its chelates is sparse. In terms of X-ray analyses, only four crystal structures have been described as yet with the central metals being Pb II , Mn II and Cu II [1 -4] . To the best of our knowledge, no single-crystal X-ray data are available in the case of trivalent central metals. As a consequence, highly speculative formulae have been assigned to the medically used ferric gluconates, for example, which serve as iron-supplementing preparations in anemia therapy [5] . With this work we contribute to this issue by reporting the first crystal structure analysis of a gluconato chelate of a trivalent metal centre. Specifically, we describe gluconate chelation of the [Co III (tren)] 2+ residue [tren = tris(2-aminoethyl)amine]. To highlight the peculiarities of gluconate coordination, the investigation was extended to a related ligand, the 2-amino-2-deoxy derivative of D-gluconate, D-glucosaminate (Scheme 1). Glucosaminic acid is a so-called 'sugar amino acid' which may be regarded as a higher homologue of serine.
Results and Discussion
The reaction of equimolar amounts of gluconic acid and the CoN 4 (N = amine function) source [Co(tren)Cl 2 ]Cl resulted, in the presence of sodium hydroxide, in a solution whose 13 C NMR spectrum showed two sets of gluconate-chain signals arranged pairwise, together with twelve well-resolved signals for the tren carbon atoms (two sets of the three CH 2 -NH 2 carbons at lower field and two sets of the three CH 2 -NR 2 carbons at higher field). After the addition of hexafluoridophosphate, one component crystallised within six weeks. Fig. 1 shows the structure of the complex monocation in the crys-
. In 1a, the free cis-coordination site of the Co(tren) moiety is occupied by the doubly deprotonated α-alkoxy-carboxylate function of gluconic acid, which forms a flat, almost unpuckered, five-membered chelate ring. The carboxylate oxygen atom is attached trans to the tertiary amine nitrogen atom. In terms of IUPAC's configuration index, 1a thus resembles the notation OC-6-34 [6] . A second isomer of similar sta- The intraand inter-molecular hydrogen bonds are specified in Table 2 .
bility might have been expected with the gluconate ligand turned 180 • around the chelate ring's twist axis running through the cobalt atom. The IUPAC configuration index of this second isomer of the [
Since both isomers should have about the same energy, both should form in about the same molar amount [the N1···O3 hydrogen bond ( Fig. 1 ) that provides another link between the gluconate and the Co(tren) moiety, in addition to the Co-O bonds, would be maintained via the N3 atom due to the Co(tren) residue's apparent C s symmetry]. With a crystalline isomer in hand, a final assignment of the 13 C NMR spectrum was tangible since cobalt(III) complexes are normally inert towards ligand substitution. In fact, redissolved crystals of the salt of 1a showed a single set of signals in its 13 C NMR spectrum and thus allowed the assignment of both species in the reaction mixture. The obtained δ and ∆δ values (Table 1) underline the similarity of the species including the common κ 2 O 1,2 bonding mode. It thus seems reasonable to consider 1b the OC-6-43 isomer.
Further characteristics of the gluconato ligand are highlighted in Fig. 1 . Most notably, two of the four hydrogen bond-donating hydroxy functions establish intramolecular bonds. Thus, a short cooperative sequence O6-H···O4-H···O2 stabilises the cobaltbinding alkoxy function. As with the N···O3 bonds, these interactions can be maintained in the second Table 1 . 13 C NMR chemical shifts (δ ) of 1 and 2 relative to δ ( MeOH) = 49.5, and coordination-induced shift (CIS) values defined by ∆δ = δ (complex)−δ (free ligand) in aqueous solution. CIS values for 1 and 2 refer to the gluconate anion and the glucosamine zwitterion as the free species, respectively.
191 isomer. Table 2 shows a comprehensive list of the hydrogen bonds in the solid. The graph-set analysis showed the relevant patterns [7, 8] : S(6) (unitary graph set C4-O4-H84···O2-C2-C3), S(6) (unitary graph set C6-O6-H86···O4-C4-C5), S(7) (unitary graph set O2-Co-N1-H711···O3-C3-C2), C(10) (unitary graph set H731···O6-C6-C5-C4-C3-C2-O2-Co-N3), C 2 2 (7) (binary graph set H501···O4-C4-C3-O3···H83···O7), C 2 2 (13) (binary graph set H731···O6-C6-C4-C3-C2-C1-O12···H712-N1-Co-N3), R 2 2 (8) (binary graph set O3-H83···O7-H872···O5-C5-C4-C3), and R 1 2 (6) (binary graph set N3-H731···O6···H742-N4-Co).
Energetic equivalence of the isomers is not shared by the Co(tren) chelate of the gluconate derivative 2-amino-2-deoxy-gluconate (glucosaminate). Under similar conditions (one more mole of base added), according to 13 C NMR data, a single major κ 2 O 1 Nchelated product instead of two isomers was formed (Table 1) . Being a 'sugar amino acid' and thus an amino acid, glucosaminic acid follows the rules of amino acid-Co(tren) chelation. Already in 1976, Mitsui et al. described the existence of two isomers of the [Co(tren)(GlyH −1 )] 2+ ion (Gly = glycine) of different stability, a stable orange one and an unstable red one. The stable isomer has the amino acid NH 2 function trans to the tertiary nitrogen atom of the tren ligand (OC-6-43 in terms of the IUPAC configuration index), and the unstable isomer bears its carboxy function trans to N tert (OC-6-34). The energy of the latter isomer was determined to be 2.8 kcal mol −1 (11.7 kJ mol −1 ) higher by means of a force-field approach [9] . In agreement with the result for glucosaminate, other amino acids have been found to form the same stable isomer stereoselectively as the only product [10 -12] .
To explain the divergent result -two major isomers for the gluconate but a single major isomer in the case of the sugar amino acid -a comparative DFT approach was chosen. For the calculation, glucosaminate was truncated to glycinate, and gluconate to glycolate. The result is in agreement with the 13 C NMR-spectroscopic findings. Hence, at the BP/def2-TZVP level of theory, the glycinate isomers show an energy difference of 15.5 kJ mol −1 , close to the force-field value of ref. [9] , with the OC-6-43 isomer as the stable species. In contrast, the glycolate isomers differed in energy by only 6.3 kJ mol −1 , which we interpret to be small enough to understand the presence of the two isomers in equal parts in the real-world experiment.
Conclusions
Different rules are valid for the chelation of the Co(tren) residue to gluconate and glucosaminate. Since the Co(tren) probe lacks C 2 symmetry, two isomers may be formed by the chelation of a specific metal-binding site by a 180 • turn of the ligand. In line with energies calculated in a DFT approach, both isomers were detected with the gluconato ligand, whereas the glucosaminato ligand followed the known rules of amino acid-Co(tren) chelation and stereoselectively formed one isomer (2) . Unfortunately, we did not succeed in isolating crystals of a salt of 2. However, it seems reasonable to suppose that the observed species follows the rule and bears the amino acid nitrogen donor trans to the tren ligand's tertiary amine function.
Experimental Section
[Co(tren)Cl 2 ]Cl was prepared according to a protocol for [Co(en) 2 Cl 2 ]Cl [13] . [14, 15] .
CCDC 927674 contains the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data request/cif.
[Co(tren)Cl 2 ]Cl (2) (0.39 g, 1.3 mmol) was dissolved in water (2.5 mL). D-Glucosaminic acid (0.24 g, 1.3 mmol), NaOH (0.10 g, 2.5 mmol) and charcoal (0.1 g) were added. The dark-red solution was heated for 1 h at 50 • C. The charcoal was filtered off. The 13 C NMR spectrum of the solution showed 2 as the single main product besides minute amounts of by-products.
NMR spectra were recorded at room temperature on a Jeol Eclipse 400 NMR ( 1 H: 400 MHz, 13 
